Growth of Bacteria and Arc&a has been observed at temperatures up to 95 and 1 lO"C, respectively. These thermophiles are adapted to environments of high temperature by changes in the membrane lipid composition, higher thermostabilities of the (membrane) proteins, higher turnover rates of the energy transducing enzymes, and/or the (exclusive) use of sodium-ions rather than protons as coupling ion in energy transduction.
INTRODUCTION
Bacteria and Archaea comprise a thermal span far greater than that of the third domain, the Eucarya (the phylogenetical subdivision as proposed by Woese et al. [30] is used).
Bacteria and Archaea can be classified into psychrophiles, mesophiles, and thermophiles with optimal growth temperature ranges of O-20, 10-50, and 40-l lO"C, respectively.
The latter group can be subdivided into moderate thermophiles, with optimal growth in the range of 5%65"C, facultative thermophiles that are able to grow over a wide temperature span, and extreme thermophiles (hyperthermophiles) that grow only above the "thermophile boundary" of 55-65°C (2,3) . Some hyperthermophiles belonging to the Bacteria have an upper growth temperature of about 95"C, whereas growth of some Archaea has been observed at temperatures as high as 110°C. So far, it is not clear what the upper temperature limit of growth is, or what the limiting factor is for growth at high temperatures. Despite several adaptations to growth at elevated temperatures, thermophiles often exhibit lower growth yields and higher maintenance-energy requirements than mesophiles (8, 14) .
Investigations of the mechanism of adaptation to life at high temperatures is likely to reveal important features of protein structure, protein-protein interactions, membrane structure, and lipid-protein interactions that are not found in mesophilic organisms. For instance, enzymes of thermophiles need to be intrinsically stable at the elevated temperatures of growth. In this paper the thermoadaptation mechanisms of membrane proteins, the membrane barrier and the bioenergetics of the cell will be discussed. , an increase in acyl-chain length, saturation, branching (or altering anteiso to iso branching), and/or cyclization of the fatty acids upon increasing the temperature (19, 21, 25) . In general, the fraction of lipids with a low melting point decreases on increasing growth temperatures as a result of these changes. Furthermore, the temperature of phase transition of lipids is also affected by factors such as ionization of the lipids, the ratio of lipids vs. other membrane components (e.g., proteins) in the membrane, and the presence of organic ions (e.g., alcohols and free fatty acids).
ADAPTATION
In Archaea, an increase in cyclization in a response to increasing temperature has been observed; a single phytanyl chain of the di-or tetraethers can contain 0 to 4 cyclopentane groups (9). Unsaturated etherlipids have also been observed as an adaption to lower temperature.
HOMEOPHASIC THEORY.
The "homeophasic theory" ( 16) has been postulated as an alternative to the "homeoviscous adaptation" theory. It emphasizes that maintenance of the liquid-crystalline phase is more important than an absolute value of membrane fluidity. Also, temperature-dependent changes in lipid composition in Bactetiu are meant to prevent the transition from the liquid-crystalline phase to nonbilayer phases. The regulatory mechanism is based on lipid polymorphism. According to their shape, lipids can be grouped into the following classes: cone, inverted cone, and cylindrical. These lipids can form micelles, inverted micelles and bilayers, respectively. By altering the ratio of these differently formed lipids the liquid-crystalline phase can be maintained at elevated temperatures as has been observed in Acholeplasma laidlawii (16). Thermoadaptation, therefore, may involve both homeoviscous and homeophasic adaptation.
Efficiency of Energy Transduction and Proton Leakage
Thermophiles can grow at elevated temperatures due to thermostable/active enzymes and structural adaptations of the membranes. However, often a low growth yield and high maintenance requirement is observed. These latter observations may be explained by an increased ion-permeability of the membrane at high temperatures (5,7,25,31). Consequently, thermophiles will have to invest relatively more metabolic energy in generating an ion motive force than mesophiles. A number of adaptations that relate to the increased H+-permeability of the membranes at elevated temperatures have been described. 
acidocaldarius (T,,p, of SS'C). In all liposomes the
H+-permeability increased with temperature. However, the higher the growth temperature of the organism from which the lipids were derived, the higher the temperature at which the liposomes became very leaky for H ' (7,29) . These data suggest that a low H+-permeability of the membranes is important for growth at high temperature. The lower H' permeability of the membranes of thermophilic Archaea (e.g., S. acidocaldan'us) explains why the organism can grow at higher temperatures than Bacteria.
SODIUM CYCLE. The cytoplasmic membrane is much less permeable for sodium ions then for protons. Because of the high H+-permeability, particularly at elevated temperatures, the use of a sodium motive force (As) can be of energetic advantage above a proton motive force (np). In accordance with these observations, sodium-ions have been found to play an important role in bioenergetics. In aerobic organisms such as B. stearotherrnophilus Na-ions are the main coupling ions in secondary solute transport processes, while protons play an essential role in ATP-synthesis.
In anaerobes such as Closrridium feruidus, sodium-ions are found to be the only coupling ions in energy-transduction.
In this way, the anaerobic organism can reduce loss of metabolic energy by leakage processes. However, a consequence of not using H' as coupling ions is that the organism cannot control its internal pH and, therefore, can only grow around neutral pH (23).
HIGHTURNOVERBYREDOX CONVERTINGENZYMES.
To counteract the high H+-permeability of the membranes, aerobic bacteria such as B. stearotherrnophilus have extremely high turnover rates of the proton pumping respiratory chain at its growth temperature (5).
As a result, the organism is able to generate a high proton motive force despite the high proton permeability of the membrane.
In conclusion, energy transduction in the cytoplasmic membrane at elevated temperatures can be realized by: 1) an adjusted membrane composition (e.g., as found in archaeal membranes), 2) the use of sodium as a coupling ion, and/ or 3) high rates of proton pumping by respiration.
TRANSPORT SYSTEMS OF THERMOPHILES
Bacteria and Archaea have been described in which the bioenergetic cationic cycle involves the exclusive use of Nat or H', or those in which Nat or H+ are used simultaneously (6, 15, 23) . The metabolic energy conserved in sodium and/ or proton electrochemical gradients can be used to drive energy-consuming processes such as secondary solute transport, ATP synthesis, and motility. The enzymes (like primary and secondary transport systems that generate and maintain these ion and solute concentration gradients are located in the cytoplasmic membranes (17, 18, 23) . Secondary transporters of L-glutamate from thermophilic bacilli have been extensively studied. Bacillus IS1 (gltT,,) , and of the mesophile B.
MtTd, an d
sub&s (gltT& have been cloned, characterized, and functionally expressed in E. coli (26-28).
These transport proteins are all homologous to the proton-glutamate symporter of E. coli K12 (GltPEcK12; [26] [ Table 11 ). These glutamate transporters also have similar substrate specificities, but differ with respect to the coupling ion (28). Studies in membrane vesicles of B. stearothermoghilus and B. caldotenax indicated a Na+/H+/L-glutamate symport for both GltTs, and GltT& (Fig. 2B) . Surprisingly, however, when the proteins are expressed in E. cob, GltTs, and GltTR, catalyze electrogenie symport of L-glutamate with 2 2H+ (Fig. 2A) . Furthermore, the sodium ion dependencies of the GltT transporters in the Bacillzls strains increase with temperature (Fig.  2C ). These observations suggest that the conformation of the transport proteins influences the coupling ion selectivity (28). The glutamate transporters are also homologous to a number of other proteins that all transport one or more of the structurally related compounds glutamate, aspartate, fumarate, malate, and/or succinate (12, 13, 20, 27) . This family of carboxylate transporters (FCT) comprises sodium, as well as proton, coupled transporters (27; Table 1 ).
Secondary Transport Systems of Thennophiles and Coupling Ions
Hydropathy profiling and multiple alignment of the FCT members suggests that each of the proteins spans the cytoThe genes encoding the glutamate transporters of the therplasmic membrane 12 times with both the amino-and carmophiles B. stearothermophilus (gltTn), B. caldotenax boxy-terminal region on the inside (27).
